Seed burial (i.e. vertical seed dispersal) has become increasingly valued for its relevance for seed fate and plant recruitment. While ecosystem engineers have been generally considered as the most important drivers of seed burial, the role of physical forces, such as wind or water flow, has been largely overlooked. Using tidal habitats as a model system, and a combination of flume and mesocosm experiments, we investigated the effects of 1) currents, 2) benthic animals with different engineering activities and 3) their interplay on seed burial of a common salt marsh pioneer plant, Spartina anglica. Our results reveal that in such systems, water flow can be of equal or higher importance than ecosystem engineers for seed burial. For passive seed-burying engineers (PSE), coupling their actions with currents produced synergistic seed burial effects, whereas the interactive effects were only additive for active seed-burying engineers (ASE). This paper extends current understanding of seed burial and seed bank formation by revealing the need to incorporate physical forces into seed burial mechanisms. We provide the first empirical evidence that physical forces influence seed burial by synergistically interacting with ecosystem engineers, thus highlighting the role of biophysical interactions as important drivers for vertical seed movement.
Seed dispersal is a critical process in the life history of flowering plants (Nathan and Muller-Landau 2000) , often involving multiple steps (Vander Wall and Longland 2004) . For many plant species, seeds undergo primary dispersal to the ground surface followed by secondary displacement to an alternate location, and seed burial may eventually deposit them into the soil seed bank (Chambers and Macmahon 1994) . Compared with the distances covered by horizontal transport (m ∼ km), seed burial is only a tiny step (mm ∼ cm) yet can have large consequences for seed fate, plant recruitment and vegetation dynamics.
In terrestrial ecosystems, seed burial has been shown to benefit seed survival by reducing exposure to biotic risks, e.g. predators or surface fungi (Chambers and Macmahon 1994 , Gallery et al. 2007 , Forey et al. 2011 , and harsh physical conditions, e.g. fire, drought or frost (Cohen 1966 , Forey et al. 2011 . It could also improve seedling emergence by dispersing seeds to soil microsites favorable for germination (Hanzawa et al. 1988 , Wenny 2001 , Forey et al. 2011 ). More recently, seed burial has been demonstrated to be vital to seedling establishment of aquatic macrophytes, such as seagrasses and marsh plants. A layer of sediment on top of seeds shields them and emerging seedlings (Marion and Orth 2012, Zhu et al. 2014 ) from dislodgment by hydrodynamic forces and sediment erosion (Bouma et al. 2009 , Balke et al. 2011 , Infantes et al. 2011 ). In addition, seed burial is crucial for long-term population and community dynamics by fostering the formation of a persistent soil seed bank (Bakker et al. 1996 , Thompson 1987 . Despite the general recognition that seed burial is essential for a plant's reproductive success and long-term maintenance, there is insufficient knowledge on how seeds are moved into soil layers in natural ecosystems.
Although self-burial mechanisms exist for some species (Collins and Wein 1997) , most plants rely on biotic or abiotic processes to incorporate their seeds into the soil seed bank (Chambers and Macmahon 1994) . Biotic seed burial (i.e. vertical seed displacement by animal activity) has generally been considered the most universally relevant seed burial mechanism. Food-caching animals (e.g. ants, rodents and soil macro-invertebrates such as earthworms) have been well documented for their roles in seed burial of terrestrial plants (reviewed by Chambers and Macmahon 1994, Vander Wall and Longland 2004) . In particular, mixing of soil layers (bioturbation, Meysman et al. 2006 ) by earthworms in their role as ecosystem engineers (i.e. organisms that modify their abiotic environments, Jones et al. 1994) has been considered to be the major driving force for seed burial and seed bank formation in various terrestrial ecosystems (Milcu et al. 2006 , Eisenhauer and Scheu 2008 , Forey et al. 2011 ). Much less is known about seed burial of aquatic plants in general. Similar to earthworms, several recent studies on seagrasses have shown that marine worm (polychaete) engineers are also able to bury seagrass seeds either directly via active transport or indirectly by sediment reworking (Valdemarsen et al. 2011 , Delefosse and Kristensen 2012 , Blackburn and Orth 2013 .
In spite of the clear importance of physical forces (e.g. wind, water movement) in driving horizontal seed movement (Koch et al. 2010 , Nathan et al. 2011 and their ubiquity in nature, their role in seed burial has been largely overlooked. There are only a few studies on the role that rainfall plays in promoting the entry of seeds into the terrestrial soil matrix (Benvenuti 2007 , Marthews et al. 2008 . Physical forces, interacting with ecosystem engineers, are known to drive soil/sediment dynamics (Meysman et al. 2006 , Corenblit et al. 2011 ) and can be predicted to also affect seeds.
To improve our understanding of the factors and mechanisms underlying the seed burial processes, this paper examines the importance of physical forces and their interplay with ecosystem engineers for seed burial by using tidal flats as a model system. In such systems, seedling recruitment of marine macrophytes (e.g. pioneer marsh plants and seagrasses) mainly takes place in the pioneer zone on the higher tidal flats (Marion and Orth 2012, Zhu et al. 2014) , where sediment dynamics (e.g. erosion and accretion) is governed by hydrodynamics and sediment transport, tightly coupled with the engineering activities of benthic animals (Herman et al. 1999, Widdows and Brinsley 2002) . These characteristics make it a suitable model system to study seed burial resulting from biophysical coupling.
Using a combination of flume and mesocosm experiments, we specifically ask: 1) what the relative importance of physical forces versus ecosystem engineers is for seed burial in this intertidal ecosystem; 2) whether physical forces can affect seed burial through interacting with ecosystem engineers and how; and 3) whether interactive effects vary between species that differ in engineering modality.
Material and methods

Target species
To address these questions, we focus on a common salt marsh pioneer plant, Spartina anglica (Nehring and Hesse 2008) . Recruitment of this plant starts with dispersal of seeds to adjacent tidal mudflats. Here, successful seedling establishment requires the burial of seeds into the sediment matrix (Zhu et al. 2014) inhabited by a diverse benthic infauna community (Snelgrove 1998 , Herman et al. 1999 . Four benthic species commonly found in northwest European tidal flats were employed in our manipulative experiments. Their engineering modalities grouped by feeding and burrowing behaviors are as follows:
The lugworm 1)
Arenicola marina is a deep-burrowing, subsurface, deposit-feeding polychaete. Arenicola marina is an upward conveyor of sediment that feeds headdown in J-shaped burrows. It has a strong capacity for particle reworking by ingesting sediment at depths in a feeding funnel and ejecting a characteristic 'worm-like' faecal casts at the surface (Kristensen 2001) . This behavior enables A. marina to bury seagrass seeds to relatively great depths by covering the seeds with its massive depositions of faecal casts (Delefosse and Kristensen 2012 (Kristensen 2001) , which has been shown to actively locate and move seeds to shallow depths in their burrows (Delefosse and Kristensen 2012) . Both species have been described as omnivores and detritivores that feed by swallowing surface sediments as well as plant and animal remains around the burrow opening (Kristensen 2001 ).
The cockle 3)
Cerastoderma edule is a motile, obligate suspension-feeding bivalve, which crawls through the top few cm of sediment (Kamermans 1994) . The physical structure of its shell protruding from the sediment surface increases bottom roughness. Its crawling movements destabilize the sediment surface and, by opening and sudden adduction of the valves, C. edule causes sediment to become resuspended (Montserrat et al. 2009 ).
The Baltic clam 4)
Macoma balthica is a facultative surfacedeposit feeding bivalve (Kamermans 1994) . In muddy sediments, M. balthica normally lives at shallow depths (1-5 cm). During surface-deposit feeding, the animal uses its flexible inhalant siphon to manipulate and ingest the surface sediment around the siphon shaft in a radial fashion, changing the properties of the bed. The grazing of M. balthica also disrupts sediment-stabilizing biofilm and increases susceptibility to erosion (Willows et al. 1998 ).
Generally, two types of seed burial were identified in our experiments. Alitta virens functioned as an active seed burying engineer (ASE), while M. balthica, C. edule and A. marina influenced seed burial mainly through seed entrapment and sediment mixing, and are, thus, viewed as passive seed burying engineers (PSE).
Animal, seed and sediment preparation
Individuals of C. edule, M. balthica and A. marina were collected from the tidal flats of the Oosterschelde and Westerschelde, the Netherlands. Alitta virens was acquired from a bait shop ( www.topsybaits.nl ), which facilitated collecting a large number of the desired body size. Before use, they were kept in aerated containers with sediment and filtered Oosterschelde water at a constant temperature of 18° C and fed with an Isochrysis galbana algal solution.
Spartina anglica seeds (17.6  1.4 mm length, 2.0  0.1 mm width, Fig. 1a ) were collected from salt marshes in the Westerschelde, the Netherlands, where the sediment (45.0 mm median grain size and 66.5 % mud content) for experimental use was also collected from the top layer ( 5 cm) of the mudflats. Prior to the experiments, the sediment was sieved through a 1-mm mesh sieve to remove large particles, seeds and macrofauna, and to homogenize the sediments. Meiofauna remain in the sediment but have a negligible effect on sediment reworking (Willows et al. 1998) . To minimize handling effect on sediment grain size, we sieved the sediments by manually pressing the sediments through the sieve, rather than washing it through with water, as the latter is likely to cause loss of fine sediments.
Flume experiments
Annular flume
To apply currents in our experiments, we used annular flumes (Fig. 1c) , which are a variation of the design described by (Widdows et al. 1998) . They consist of two concentric cylinders of transparent acrylic material, creating a 10 cm wide channel with a surface of ca 0.15 m 2 . Currents are created with a smooth, adjustable rotating disk, which is driven by a microprocessor-controlled engine. Prior to the experiments, the prepared sediment was put in a flume, mixed to a smooth mass and allowed to consolidate for three days. The flumes were then filled with 31.4 l of filtered seawater.
Treatments
To investigate seed burial from purely physical processes, we applied a 'currents only' treatment (PHY) excluding animals. To study the interactive effects between physical force and ecosystem engineers, treatments combining both currents and animals (BIO PHY) were applied separately on the different species. The effect of the animals in the absence of currents (BIO) was tested in mesocosm studies. To facilitate comparisons between species, we used an equivalent total biomass (ash free dry weight, AFDW, mg m -2 , Table 1 ). Dividing by the number of individuals, we calculated the individual body size (AFDW in mg) needed for each species, and this was then converted into body length with the conversion coefficients provided from the NIOZ -Yerseke Monitor Taskforce. For all these species, this total biomass is within the range found in the field (Ysebaert and Herman 2002) . To examine if seed burial effect is related to the total biomass of the ecosystem engineer, we used two biomass treatments for M. balthica, the same total biomass value used for the other species and a low total biomass (Table 1) .
For each treatment, two flumes (replicates) were used. For each species, similarly sized individuals were introduced into the flume and allowed time to burrow. The vast majority of the animals were found to bury themselves within a few minutes. Those that did not burrow were replaced with other individuals. After the animals had acclimated for two days, 200 waterlogged seeds of four color groups (Fig.  1b, 50 each of red, green, blue and uncolored seeds) were released into the water column and allowed to settle down to the sediment surface. Seeds were color-coated with food dye (bakery ingredient,  www.steensma.com ) to 1) enhance their visibility during observation, and 2) provide replicate measurements of seed burial.
Protocol
Each flume experiment lasted for 4.5 days. To simulate the two tidal cycles found in the intertidal mudflats, two runs of currents were applied each day from day 1 to 4. Between these two runs, there were intervals of ca 3 h to ensure the settlement of suspended sediment. Only one run was carried out on day 5 when the experiment ended and, thereafter, seed burial data were collected. We did not simulate fluctuating tidal height as occurs in the field but adopted the typical current velocities observed in the pioneer zone of the marshes in the Scheldt estuary (Bouma et al. 2005) , as the bed shear stress in the annular flume is determined by current velocity rather than water depth (Widdows et al. 1998 , Willows et al. 1998 . In each run, the current velocity was increased during the first step from 0 to 10 cm s  1 and subsequently in steps of 5 cm s  1 to a maximum velocity of 25 cm s  1 . Each step lasted 20 min. With increasing velocity, an increasing amount of sediment was eroded and re-suspended into the water column. The flume was oxygenated between the two runs. 
Data collection
To quantify the sediment erosion caused by currents and their interactions with ecosystem engineers, water turbidity was measured using an optical backscatter sensor (OBS 3, Campbell scientific) every 30 s during each run. The OBS sensors were calibrated by gravimetric analysis, and the data were converted into suspended sediment concentration (SSC, g l 1 ). Peak SSC served as a proxy to compare the capacity to rework sediment between treatments. Seeds were regarded as buried when they were no longer visible from the surface. Unburied seeds were removed, classified according to their color and counted. Green and blue seeds were pooled together as one group, with the other two colors forming the second group, due to the difficulties in distinguishing blue and green seeds after processing. Total burial (%) was measured as the number of buried seeds divided by the total number of deployed seeds. Forty sediment core samples were randomly taken by syringes (diameter  3.6 cm) to a depth of 10 cm and then sliced every 1 cm to determine the depth of seed burial. The depth of each seed was recorded as the upper limit of its recovery depth range. Thereafter, the proportion of seeds buried at each depth was estimated for each treatment.
Mesocosm experiments
To quantify seed burial effects of these four species under the 'no currents' condition (BIO), a mesocosm experiment was performed in plastic buckets (ca 0.05 m 2 surface area, Fig. 1d ) with comparable seed density (20 for each color group) and animal biomass to the flume experiments (Table 1) . After compaction of the sediment (depth ca 15 cm), each bucket was filled by filtered seawater to a water level of 10 cm and kept oxygenated. Animals and seeds were introduced in the same way as in the flume experiment.
Since very few seeds were buried in this experiment the top 1 cm sediment layer was carefully excavated using a spoon and sieved to detect the buried seeds. The buried seeds were all found within this top layer with most of them being nominally covered by a thin sediment layer, except for the treatment with A. virens. To acquire more accurate depths of seed burial by A. virens under the 'no currents' condition, a supplementary experiment was conducted by using Figure 2 . A linear correlation between total burial (Mean  SE, n  4) and the amount of reworked sediment (Peak SSC, Mean  SE, n  2) under purely physical process (PHY) and the coupling between currents and animals (the rest).
five PVC tubes (diameter  20 cm, height  20 cm) to each of which 20 seeds and three worms were introduced. These cores were immersed (10 cm above core surface) in a tank with oxygenated filtered seawater. On day 5, the sediment cores were sliced every 1 cm, by applying a piston pushed up from the bottom of the tube to extrude the sediment in 1-cm increments. The slicing process terminated when all the buried seeds were retrieved from the sediment by rinsing the samples through a 1-mm mesh sieve. The burial depths of the recovered seeds were recorded, and the proportion of seeds buried at each depth was calculated.
Data analysis
Pairwise t tests showed that seed color did not affect burial, since there was no significant difference of total seed burial among color groups (p  0.78). One-way ANOVAs were applied to examine whether total seed burial (n  4, 2 color groups  2 flumes/buckets) varied 1) between BIO, 3.8  1.6%, 4.3  2.1%, 13.1  2.1% and 16.3  2.2% for M. balthica (Mb), C. edule (Ce), A. marina (Am) and A. virens (Av), respectively. Among the BIO treatments, total burial was not different between the two worm species, A. marina and A. virens, whereas both of them resulted in higher total seed burial than the two bivalve species, M. balthica and C. edule (Table 2) .
BIO PHY treatments resulted in significantly higher total seed burial (Table 2) than for the PHY treatment, except for ASE A. virens (Av PHY) and low density M. balthica (Mb PHY_Low). For M. balthica, a higher density of individuals (Mb PHY) generated significantly higher total seed burial (Table 2) . For all PSEs, their joint action with currents produced significant interactive effects so that BIO PHY treatments with PSEs lead to greater total seed burial than the sum of BIO and PHY treatments, whereas there was no significant difference for ASE A. virens in this respect (Table 2) .
Seed burial depth
There was a general trend of decreasing seed proportion with burial depth, and for all the treatments, more than two thirds of the buried seeds were found at relatively shallow depths (0-2 cm, Fig. 4) .
Seed burial depth varied between treatments (Fig. 4 ). Seeds were only buried to shallower depths (86.4% at 1 cm and 13.6% at 2cm) by the purely physical process (PHY). The range of burial depth became, however, much broader with some seeds buried more deeply when coupled with animals. For all the BIO PHY treatments, the maximum recovery depth reached 6 cm, except for the one of low density of M. balthica (Mb PHY_Low) with a maximum depth of 4 cm. Without currents, seed burial was very limited for all PSEs (Mb, Ce and Am). The recovered seeds were only within the top 1 cm, most of which were found only nominally covered by a thin layer of sediment.
In contrast, ASE A. virens (Av) still buried seeds over a broad range covering 0-5 cm in the absence of currents (Fig. 4) . Joint action with currents (Av PHY) did not reinforce seed burial effect, either at deeper or shallower depths, compared to their separate effects. There was no significant difference (p  0.626) in the proportion of seeds buried deeper than 2 cm between Av and Av PHY nor was there a significant difference (p  0.456) between Av PHY and PHY in the proportion of seeds buried at shallower depths (0-2 cm).
Discussion
Traditionally, ecosystem engineers have been credited as the being the most important drivers for seed burial in both terrestrial and aquatic plants (Chambers and Macmahon 1994, Blackburn and Orth 2013) . Using a tidal marsh as a model system, our study reveals that 1) physical force can be at least as important as the effect of ecosystem engineers for seed burial, and 2) there are interactive effects between these two agents, serving as an important seed burial driver. Our flume experiments show that purely physical force (i.e. currents) can lead to seed burial. However, physical force PHY and BIO PHY treatments, and 2) between species in the BIO and BIO PHY treatments, respectively. To test whether there were interactive effects between the currents and animals, one-way ANOVA was also employed to test the difference between total seed burial under BIO PHY treatments with the sum of their separate effects i.e. BIO  PHY (adding the mean value of PHY to every single value of BIO).
To detect whether seed burial depth differed between treatments, we used one-way ANOVA to compare the proportion of seeds buried at relatively shallow and deeper depths. Seed proportion in the depth range of 0-2 cm (n  2, except n  5 for A. virens) was compared for all the treatments, whereas comparisons at the range of  2 cm were done for those that resulted in seed burial deeper than 2 cm.
Post hoc pairwise comparisons were achieved through Tukey HSD-tests. Prior to analysis, the data was arcsinetransformed to improve data normality. To examine whether seed burial quantity is linked with sediment reworking ability, a linear correlation was carried between total seed burial and peak SSC. All the statistical analyses were done in R ( www.R-project.org ), applying a significance level of a  0.05.
Data available from the Dryad Digital Repository:  http://dx.doi.org/10.5061/dryad.23j62  (Zhu et al. 2015) .
Results
General observation
In the flume experiments, seeds started moving once current velocity reached 10 cm s 1 ; while moving near the bottom, it was observed that some seeds were trapped by protruding shells of Cerastoderma edule (Fig. 1e) and depressions caused by Macoma balthica (Fig. 1f ) . This was not observed for these two species in the absence of currents. During both flume and mesocosm experiments, some seeds were seen covered by the faecal casts of Arenicola marina (Fig. 1g) . Only Alitta virens was observed to deliberately seize and pull seeds into their burrows (Fig. 1h ) regardless of the presence or absence of currents. When buried seeds were recovered, they were frequently found inside the burrows of A. virens.
Total burial
In the flume experiments, total seed burial showed a significant linear relationship (p  0.01) with the amount of reworked sediment (Fig. 2) . Less sediment was reworked by the active seed burial engineer (ASE) A. virens (Av PHY), which also buried much fewer seeds than the other species. The actions of the passive seed burial engineer (PSE) C. edule (Ce PHY), however, resulted in the greatest total seed burial as well as the highest amount of eroded sediment.
Total seed burial significantly differed (p  0.001) between treatments (Fig. 3) . For PHY treatment, 54.3  3.9% (Mean  SE) of the seeds were buried. This was much higher than that from any BIO treatment (Table 2) , which was and ecosystem engineers can act synergistically, resulting in a greater quantity of buried seeds at deeper burial depths.
Biophysical seed burial: towards a general concept
Our results indicate that the outcome of seed burial by the coupling of biophysical agents was dependent on the functional properties of the ecosystem engineers. The coupling of currents and the active seed burial engineer (ASE) Alitta virens only resulted in additive seed burial effects. This could be due to the low sediment reworking capacity of A. virens and the nature of active seed displacement that operates independently of physical forces. Without currents, this species can still bury seeds through direct seed transport to their burrows. This active seed burying behaviour is analogous to other marine worms Hediste diversicolor and Neanthes succinea (Delefosse and Kristensen 2012, Blackburn and Orth 2013) and also earthworm Lumbricus terrestris (Milcu et al. 2006 , Regnier et al. 2008 . In contrast, passive seed burial engineers (PSE) and currents interactively produced large, synergistic effects that enhanced both total burial and seed burial depth, regardless of the different modalities of their bioturbation activities (Fig. 3) . Two mechanisms can be involved in such biophysical synergy (Fig. 5) . 1) Enhancement of seed entrapment. In our study, some seeds were trapped by biogenic microtopography (e.g. protruding shells, depressions and faecal casts, Fig. 1 ) while moving along the sediment surface with currents. An earlier flume study showed that the presence of the polychaete Clymenella torquata greatly enhanced seed entrapment of seagrass seeds (Luckenbach and Orth 1999) . Once seeds are trapped within burrows or depressions, they might be further displaced downward by animal movement or covered by infilling sediment, resulting in deep burial. 2) Promotion of sediment mixing. Through destabilizing the substrate, ecosystem engineers promote erosion and spatial redistribution of sediments (Widdows and Brinsley 2002 , Montserrat et al. 2008 , Kristensen et al. 2013 . They can also aid sediment mixing via bio-deposition, such as depositing particles as (pseudo) faeces, or bio-resuspension, such as ejecting liquefied faecal pellets into the water column (Graf and Rosenberg 1997, Meysman et al. 2006) . The eroded and resuspended sediments may later be deposited and accumulate on top of seeds retained after settlement or entrapment.
The quantity of seeds buried by biophysical processes was found to differ between species due to species-specific variability on sediment reworking ability (Fig. 2) . The strength of such effects was also linked to biotic parameters like population density, which was seen in our experiments with two different densities of Macoma balthica. Although not tested in the present study, it is likely that this also applies to other PSEs, since both sediment reworking (Willows et al. 1998 ) and seed retention (Luckenbach and Orth 1999) have been found to be related to species abundance. A study (Delefosse and Kristensen 2012) on the purely biological seed-burial effects of marine worms showed that seed burial quantity increased with animal abundance for PSEs, whereas the proportion of buried seeds was independent of individual density for the ASE H. diversicolor due to its selective and active search for seeds. Body size may also be important for seed burial since it influences organism metabolism rate (Kleiber 1932) , which serves as the fueling process for their engineering activities (Brown et al. 2004) .
It must also be noted that seed burial rates estimated in our flume and mesocosm experiments should be treated with caution when extrapolated to the real world since we did not include all the parameters, such as waves, that may affect seed/sediment transport in the field. Nevertheless, these simplified but highly controlled laboratory experiments were effective to gain a mechanistic insight into the interactive effects between physical forces and different types of ecosystem engineers on seed burial.
Relevance beyond intertidal systems
Biophysical seed burial is likely to be applicable to various ecosystems. For instance, we can think about macrophytes growing in aquatic systems with flowing water, such as in estuaries, coasts, riverbanks and streamsides. Seed burial effect can be habitat-specific due to the differences in physical settings, such as the magnitude, frequency and duration of the physical force (i.e. water flow), and soil or sediment type. These variables not only determine the distribution of the benthic fauna (Cozzoli et al. 2013 ) but also primarily control the soil or sediment erosion processes that are amplified by the activities of ecosystem engineers (Widdows and Brinsley 2002 , Meysman et al. 2006 , Corenblit et al. 2011 . Seed burial effects may also differ between plants in response to variable seed properties and specific interactions with their environment. For instance, seed morphology (e.g. length, width and eccentricity) and seed mass affected seed entrapment in soils (Chambers et al. 1991) . Seed buoyancy can affect seed retention by entrapment structures in salt marshes (Chang et al. 2008 ). In addition, disturbance incidents, such as waves or raindrops, might also affect seed burial due to their capacity to induce vertical movement of seeds and soil/sediment particles (Chang et al. 2008 , Marthews et al. 2008 .
Previous studies have mainly focused on the importance of physical force in horizontal seed movement, e.g. the role of tidal currents and waves in driving the dispersal of seagrass seeds (Koch et al. 2010) . Nonetheless, our study shows that the same physical force (i.e. currents) can drive both lateral seed transport (dispersal) and vertical translocation (retention). The former increases the probability of encountering a microsite that favors seed entrapment. By interacting with ecosystem engineers, physical force facilitates the remobilization of the particles, which can in turn lead to seed burial. In a sense, movement can result in better placement for retention.
The importance of physical force for seed burial is not restricted to aquatic systems. In terrestrial systems, wind or precipitation induced overland flow can move seeds over the soil surface to microsites (e.g. burrows, mounds) built by ecosystem engineers (Corenblit et al. 2011) , and/or geophysical processes e.g. desiccation cracks (Burmeier et al. 2010) . A wind tunnel experiment showed that seeds move frequently on smooth surfaces but were trapped on rougher surfaces (Johnson and Fryer 1992) . On litter-covered surfaces, abiotic forces deposited seeds in the same locations as plant litter, after which animals often buried seeds in litter or under litter-covered surfaces (Chambers and Macmahon 1994) . The potential couplings between physical forces such as wind or rainfall and terrestrial ecosystem engineers (e.g. ants, earthworms) on redistributing seeds and shaping soil dynamics, as well as their consequences for seed burial and soil seed bank formation, would be interesting topics for future studies.
Conclusions
Overall, this study contributes to a better mechanistic understanding of seed burial and seed bank formation by highlighting the need to incorporate physical forces into the mechanisms that drive seed entry into the soil or sediment. We present the first empirical evidence, to our knowledge, that physical force can significantly affect seed burial by synergistically interacting with ecosystem engineers, which underscores the significance of biophysical interactions as drivers for vertical seed movement. Although this present work was illustrated using intertidal ecosystems, similar mechanisms may be expected to operate in other aquatic and also non-aquatic ecosystems. Thus, an important challenge for the future will be to evaluate these mechanisms across ecosystem types.
